Cardiomyocyte organization is a critical determinant of coordinated cardiac contractile function. Because of the acute opening of the pulmonary circulation, the relative workload of the left ventricle (LV) and right ventricle (RV) changes substantially immediately after birth. We hypothesized that threedimensional cardiomyocyte architecture might be required to adapt rapidly to accommodate programmed perinatal changes of cardiac function. Isolated fixed hearts from pig fetuses or pigs at midgestation, preborn, postnatal day 1 (P1), postnatal day 5, postnatal day 14 (P14), and adulthood (n ϭ 5 for each group) were acquired for diffusion-weighted magnetic resonance imaging. Cardiomyocyte architecture was visualized by three-dimensional fiber tracking and was quantitatively evaluated by the measured helix angle (␣ h). Upon the completion of MRI, hearts were sectioned and stained with hematoxylin/eosin (H&E) to evaluate cardiomyocyte alignment, with picrosirius red to evaluate collagen content, and with anti-Ki67 to evaluate postnatal cell proliferation. The helical architecture of cardiomyocyte was observed as early as the midgestational period. Postnatal changes of cardiomyocyte architecture were observed from P1 to P14, which primary occurred in the septum and RV free wall (RVFW). In the septum, the volume ratio of LV-vs. RV-associated cardiomyocytes rapidly changed from RV-LV balanced pattern at birth to LV dominant pattern by P14. In the RVFW, subendocardial ␣ h decreased by ϳ30°from P1 to P14. These findings indicate that the helical architecture of cardiomyocyte is developed as early as the midgestation period. Substantial and rapid adaptive changes in cardiac microarchitecture suggested considerable developmental plasticity of cardiomyocyte form and function in the postnatal period in response to altered cardiac mechanical function. heart development; diffusion tensor magnetic resonance imaging; cardiomyocyte architecture; helix angle THE HEART OF NEWBORNS UNDERGOES substantial structural and functional changes to accommodate the rapid switching from fetal to neonatal circulation immediately after birth. The process entails immediate opening of the pulmonary circulation and rapid closing of the patent ductus arteriosus and foramen ovale that bypass blood from right atrium/pulmonary artery to left atrium/aorta (3, 12, 13). The increased left-ventricular (LV) workload accelerates LV cardiomyocyte hypertrophy, hyperplasia, and extracelluar collagen deposition (4, 8, 11) . Unfortunately, little is known about the associated changes of cardiomyocyte architecture over the course of early cardiac development (40 -42). To address this question, quantitative evaluation of cardiomyocyte architecture in the perinatal period is critical for defining these adaptive features of postnatal heart development.
THE HEART OF NEWBORNS UNDERGOES substantial structural and functional changes to accommodate the rapid switching from fetal to neonatal circulation immediately after birth. The process entails immediate opening of the pulmonary circulation and rapid closing of the patent ductus arteriosus and foramen ovale that bypass blood from right atrium/pulmonary artery to left atrium/aorta (3, 12, 13) . The increased left-ventricular (LV) workload accelerates LV cardiomyocyte hypertrophy, hyperplasia, and extracelluar collagen deposition (4, 8, 11) . Unfortunately, little is known about the associated changes of cardiomyocyte architecture over the course of early cardiac development (40 -42) . To address this question, quantitative evaluation of cardiomyocyte architecture in the perinatal period is critical for defining these adaptive features of postnatal heart development.
It is well recognized that the three-dimensional organization of cardiomyocytes is established early in prenatal hearts but exhibits developmental plasticity afterward. Using polarized light microscopy, Jouk et al. (25, 26) reported the early formation of fiber organization in second trimester hearts and revealed a complex structure in the septal region in neonatal hearts. Using embryonic hearts, Tobita et al. (44) showed that the transmural gradient of cardiomyocyte orientation undergoes progressive changes during heart development that is modulated by mechanical workload. Given the rapid increase of LV workload at birth, it begs the question of how quickly and extensively cardiomyocyte architecture might be reorganized after birth to accommodate abrupt postnatal requirements for sustained cardiac function.
Previous studies have shown that LV size and weight are comparable with that of the right ventricle (RV) in the pig fetus, but increase nearly twofold by postnatal day 14 (P14) (19, 20) . The associated cellular changes include 1) cardiomyocyte proliferation resulting in 28% increase in the number of LV myocytes relative to unchanged number of RV myocytes (4), 2) cardiomyocyte hypertrophy resulting in increased LV and RV mass, and 3) progressively increased extracellular collagen content (8) . Thus we hypothesized that cardiomyocytes will undergo substantial structural reorganization in the first 2 wk after birth in response to developmental requirement of new roles for LV and RV functionality in the postnatal heart.
To study cardiomyocyte architecture, histological, optical and ultrasonic methods were previously used (16, 18, 44) . However, these techniques are laborious and may distort or fail to comprehensively represent complex three-dimensional tissue architecture. Our group and others have used diffusion tensor MRI (DTMRI) as a nondestructive method to quantitatively reconstruct three-dimensional cardiomyocyte architecture in exquisite detail (9, 10, 15, 21, 24, 28, 38, 45) . The determined primary eigenvector of the water diffusion tensor is aligned with the principle axis of cardiomyocytes (10, 37, 41, 42) . In addition, the fractional anisotropy (FA), a quantitative measure of anisotropic water diffusion, can reflect the directional coherence of cardiomyocyte orientations and cellular shape changes (9, 14, 31, 49) . By applying these nondestructive and quantitative methods, we sought to delineate the temporal and spatial evolution of cardiomyocyte architecture in fetal, neonatal and adult pig hearts.
MATERIALS AND METHODS

Animal and Heart Preparation
Pig hearts were obtained from 30 animals, five from each of the following age groups: fetal piglets at 60-day midgestation (MG) period, preborn (PB) at ϳ114 gestation day, postnatal day 1 (P1), postnatal day 5 (P5), postnatal day 14 (P14) and adult pigs. Formalinfixed fetal piglets were purchased from Nebraska Scientific (Omaha, NE). Hearts were excised and stored in 10% formalin solution. Neonatal piglets were purchased from Oakhill Genetics (Ewing, IL). Animals were anesthetized with isoflurane. Hearts were isolated, retrogradely perfused with cardioplegic solution to induce diastolic arrest, and fixed with 10% formalin. Fresh adult pig hearts were acquired from a local slaughterhouse (Schubert's Packing, Millstadt, IL). Hearts were rinsed with PBS and fixed with 10% formalin solution. Before magnetic resonance scanning, each heart was rinsed and kept in PBS for 24 h. All animal handling procedures were approved by and conducted in accordance with the guidelines of the Washington University Animal Study Committee.
MRI
DTMRI was performed on a 4.7 T Varian INOVA system (Varian Associates, Palo Alto, CA). Custom-built loop-gap coils (1 ϳ 4 cm diameter) were used for imaging fetal and neonatal piglet hearts, and a 12-cm diameter birdcage coil was used for imaging adult pig hearts. A spin-echo sequence with diffusion-sensitizing bipolar gradient was used to acquire multi-slice short-axis diffusion weighted images covering the entire LV as previously described (9) . Imaging parameters were as follows: repetition time, 2 s; echo time, 34 ms; diffusion gradient strength, 10 Gauss/cm; diffusion time, 20 ms; gradient pulse duration, 5 ms; gradient factor, 784 s/mm 2 ; slice thickness, 0.5 mm for 60-day fetal piglet heart and 1 mm for all the rest of the groups; in-plane resolution, 937 ϫ 937 m 2 for adult pig heart and 156 ϫ 156 m 2 for all the rest of the groups. Total acquisition time for each heart was ϳ2 h.
Data Analysis
Morphological analysis. LV and RV wall thicknesses were calculated as the mean distance between epicardial and endocardial borders at the center 20°sector of free wall in the midventricular short-axis plane. To evaluate developmental changes of septum curvature, curvature thickness index (CTI) was calculated using a previously reported method (22) . Briefly, the septum thickness was measured as the mean distance between LV and RV endocardial surfaces in the center 20°sector of the septum, which is located at the level of maximal LV diameter. The septal curvatures in the long-axis view and short-axis view were calculated based on the heart shape on multi-slice magnetic resonance images. CTI was then calculated using the following formula: CTI ϭ t(1/r AB ϩ 1/rTX), where t is septum thickness, rAB is the radius of septal curvature in the long-axis view, and rTX is the radius of septal curvature in the short-axis view.
DTI data analysis. The effective diffusion tensor was calculated from diffusion-weighted images to derive the primary, secondary, and tertiary eigenvectors and eigenvalues, and FA as previously described (31) . The primary eigenvector of the diffusion tensor was considered to represent the cardiomyocyte orientation (15, 21, 24, 38) .
Three-dimensional fiber tracking to visualize cardiomyocyte architecture. Fiber tracking was implemented by using a freeware, DTI Studio (The Laboratory of Brain Anatomical MRI and Center for Imaging Science at Johns Hopkins University; https://www.mristudio.org) (23) . The criterion for fiber tracking was set as FA Ͼ 0.25 in PB, P1, P5, and P14 hearts and FA Ͼ 0.2 in MG and adult hearts, respectively.
Helix angle (␣ h) quantification. Cardiomyocyte orientation was quantitatively evaluated in wall-bound myocardial coordinates to minimize the effect of surface curvature on myocardial fiber angle measurement (10, 38) . Briefly, epicardial and endocardial borders of the heart were traced manually on both short-and long-axis images (10) . The LV long-axis was determined as the line that best fit the centers of the epicardial borders from the base to the apex. A prolate spheroid was fit to the epicardial borders to represent the epicardial surface. Subsequently, three principal axes of the wall-bound coordinates were determined. The axis normal to the local epicardial surface was defined as radial. The circumferential axis was tangent to the local epicardial surface and perpendicular to the LV long axis. The axis perpendicular to both the radial and circumferential axes was defined as longitudinal.
DTMRI-determined ␣ h was calculated as the angle between the projection of the cardiomyocyte onto the circumferential-longitudinal plane and the circumferential axis (Fig. 2C) . A positive ␣h represents a right-handed helix that is typically observed in the endocardium. Finally, three 20°-wide sectors respectively located at the center of septum, LV free wall (LVFW), and RV free wall (RVFW) were selected as regions of interests (ROI) ( Fig. 2A) , to quantitatively analyze the transmural distribution of ␣ h.
Estimate CTI caused measurement error in ␣h. Given that ␣h is dependent on the wall curvature and the observed developmental changes of septal wall curvature in pig hearts ( Fig. 1D) , we evaluated the effect of wall curvature changes (i.e., measured by CTI) on the ␣ h measurement. Specifically, the CTI of LVFW was set to 0.8 (t ϭ 0.4, r AB ϭ rTX ϭ 1), representing a circular shape. The LV center was set at the center of the curvature of the LVFW. All cardiomyocytes were considered aligning parallel to local wall surface. The actual ␣ h was set to change linearly from 60°at the endocardial surface to Ϫ60°at the epicardial surface.
The septal CTI was set to vary from 0.2 (t ϭ 0.4, r AB ϭ rTX ϭ 4) to 0.8 (t ϭ 0.4, rAB ϭ rTX ϭ 1). Under each CTI, ␣h map in the septal wall was calculated using the above described method [in Helix angle (␣ h) quantification]. Three ROIs, i.e., 20°-, 60°-, or 90°-wide sectors that were located at the center of septum, were defined. The maximal error of measured ␣h in each ROI at different CTI was determined (Fig. 2D) .
Histological Analysis
Upon the completion of MRI, hearts were fixed with 10% formalin, sliced along the short axis in the midventricle. Slices were embedded in paraffin and sectioned at 5 m thickness for immunohistochemistry.
Anti-Ki67 staining was performed on P1, P5, and P14 hearts to evaluate cardiomyocyte proliferation after birth. Light microscopy images were acquired under 100ϫ magnification. Six images, three in the LVFW and three in the RVFW, were acquired on a midventricular slice for each animal in P1, P5, and P14 groups. The numbers of proliferative cell were manually counted. Ki67 labeling indexes were calculated as the ratio of proliferative cells to the total number of cells.
H&E-stained slices were used to evaluate myocardial fiber orientations. Picrosirius red staining followed by polarization microscopy was used to analyze collagen content (27, 48) . Interstitial collagen content was evaluated by the collagen area fraction, the area ratio of collagen to the myocardium tissue (47) . Perivascular and heart surface collagen areas were excluded from the analysis.
Statistical Analysis
All data are presented as means Ϯ SD. Two-way ANOVA was used to compare LV and RV thickness at different ages. One-way ANOVA was used to compare LV-to-RV thickness ratio, as well as CTI, between different age groups. One-way ANOVA was also used to compare volume ratio of LV-versus RV-associated fibers in the septum, as well as FA, between different age groups. Values of ␣ h in the LVFW and RVFW were determined from 5% (endocardial surface) to 95% (epicardial surface) of transmural depth at 10% increments. Two-way ANOVA was used to compare ␣ h between different age groups and different transmural depths. Two-way ANOVA was also used to compare Ki67 labeling index between different age groups and LVFW versus RVFW. Tukey's tests were used to determine significance for post hoc multiple comparisons after one-or two-way ANOVA. A two-tailed value of P Ͻ 0.05 was considered significant. Figure 1 shows representative short-axis MRI images of pig hearts at different developmental ages. A primary change in heart morphology is the increase of LV-to-RV wall thickness ratio. In MG and PB hearts, thickness of the LVFW and RVFW were comparable. From P1 to P14, thickness of the LVFW increased progressively while thickness of the RVFW remained unchanged (Fig. 1B) . Accordingly, LV-to-RV wall thickness ratio increased onefold from P1 (1.27 Ϯ 0.08) to P14 (2.52 Ϯ 0.36, P Ͻ 0.05 compared with P1) (Fig. 1C) . From P14 to adulthood, LV-to-RV thickness ratio remained unchanged [P ϭ not significant (NS)], despite the substantial increase of both LV and RV thickness.
RESULTS
Developmental Changes of Heart Morphology
The curvature of septum rapidly changed from nearly flat in MG and PB hearts to curved (outbound toward RV) after birth due to increased LV to RV pressure gradient after birth. Specifically, CTI increased from 0.33 Ϯ 0.06 at P1 to 0.53 Ϯ 0.08 at P14 (P Ͻ 0.05 compared with P1), then remained unchanged until adulthood (P ϭ NS, compared with P14) (Fig.  1D) . No significant CTI change was observed in the LVFW. Figure 2 , A and B, shows DTMRI determined cardiomyocyte architecture in a P1 piglet heart. The characteristic transmural shift of cardiomyocyte orientation, i.e., a left-handed helix in the subepicardium and a right-handed helix in the subendocardium, was observed in the septum and LVFW, as well as in the RVFW. The definition of ␣ h was shown in Fig. 2C . Simulation results showed that lower CTI caused higher measurement error in ␣ h . When the ROI was selected as the 20°sector centered in the septum, however, the maximal measurement error in ␣ h was Ͻ1°f or CTI ranged between [0.2 0.8] (Fig. 2D) .
Visualization of Helical Organization of Cardiomyocyte Architecture in Hearts
The Volume Ratio of LV-versus RV-associated Cardiomyocytes in the Septum Increases from P1 to P14
Given the developmental changes of LV and RV wall thickness after birth, we investigated the volume ratio of LVversus RV-associated cardiomyocytes in the septum at different ages. Figure 3A shows short-axis projection views of cardiomyocyte architecture in PB and newborn pig hearts. From P1 to P14, the increased volume fraction of LV-associated cardiomyocytes (color coded) in the septum was visually appreciable. Quantitatively, the volume ratio of LV-versus RV-associated septal cardiomyocytes remained unchanged from MG to P1. It rapidly increased by onefold by P5 and then twofold by P14. No further change was observed from P14 to adulthood. DTMRI-determined myocardial FA value in cardiac tissue (Ͼ0.2) was substantially higher than that of surrounding media (0.05 Ϯ 0.02, P Ͻ 0.05 for all comparisons), reflecting anisotropic water diffusion in all hearts. From prenatal to P1, FA rapidly increased by approximately twofold (P Ͻ 0.05 to MG and PB). FA exhibited no statistically significant changes from P1 to P14, and then reduced by ϳ50% to 0.28 Ϯ 0.02 in adult hearts (P Ͻ 0.05 compared with P1, P5, or P14) (Fig. 3C) . The anisotropic water diffusion in cardiac tissue met the criteria for fiber tracking.
The RV and Septal Cardiomyocyte Architectures Undergo Remodeling Immediately After Birth
In the LVFW (Fig. 4, A and D) , no statistically significant changes in cardiomyocyte architecture were observed from MG to P14. However, the cardiomyocyte ␣ h in the subendocardium of LVFW (5% to 45% transmural wall depth) increased ϳ10°from P14 to adult (P Ͻ 0.05).
The cardiomyocyte architecture in RVFW underwent acute changes after birth (Fig. 4, B and E) . In prenatal (i.e., MG and PB) and P1 hearts, ␣ h in the subendocardium of RVFW (i.e., Fig. 3 . Volume ratio of LV-vs. RV-associated cardiomyocytes in the septum. A: representative projection views of cardiomyocyte architecture showed decreased fraction of RV-associated cardiomyocytes (gray color) in the septum from P1 to P14. The LV-associated cardiomyocytes were color-coded with its ␣h on a midventricular short-axis slice, which shows those cardiomoycytes extended from LV to RV. B: volume ratio of LV-vs. RV-associated cardiomyocytes in the septum increased ϳ2-fold from P1 to P14. †P Ͻ 0.05 compared with MG, PB, or P1; ‡P Ͻ 0.05 compared with MG, PB, P1, or P5. C: fractional anisotropy (FA) of water diffusivity in P1, P5, and P14 hearts were comparable (P ϭ not significant for all comparisons), but all higher than MG, PB, and adult hearts (*P Ͻ 0.05 compared with MG, PB, or adult). Fig. 4 . Transmural distribution of ␣h in the LVFW, RVFW, and septum. A-C: transmural distribution of ␣h in the LVFW, RVFW, and septum. In LVFW and RVFW, data were analyzed from the endocardial (Endo-) surface (5% wall depth) to the epicardial (Epi-) surface (95% wall depth). In the septum, data were analyzed from the LV endocardial surface (5%) to the RV endocardial surface (95%). D-F: post hoc multiple comparisons of transmural distribution of ␣h between different age groups in the LVFW, RVFW, and septum. *P Ͻ 0.05; **P Ͻ 0.001. ns, not significant. 0 -10% wall depth) was ϳ70°. It rapidly decreased to 42°Ϯ 20°in P14 hearts (P Ͻ 0.05 compared with MG, PB, or P1), which is similar to that in adult hearts (43°Ϯ 14°; P ϭ NS, compared with P14). The transmural distribution of the septal ␣ h also underwent acute changes after birth (Fig. 4, C and F) . In prenatal (i.e., MG and PB) hearts, the transmural location of the 0°␣ h , reflecting cardiomyocytes that were oriented circumferentially parallel to the short-axis plane, was detected at ϳ25% wall depth from LV endocardial surface. The location of 0°␣ h rapidly changed to ϳ30% transmural depth at P1, and further to ϳ40%, 45%, and 50% at P5, P14, and adulthood, respectively.
Histological Analysis of Cell Proliferation, Fiber Architecture, and Collagen Deposition
Anti-Ki67 staining showed proliferative cells in P1, P5, and P14 hearts (Fig. 5) . The labeling index of proliferative cells increased from P1 to P5 (P Ͻ 0.001), then decreased from P5 to P14 (P Ͻ 0.001). No significant difference was observed between the LVFW and RVFW. H&E staining showed the location of cardiomyocytes with 0°␣ h , i.e., oriented circumferentially and parallel to the short-axis plane, was observed at ϳ50% of wall depth in the LVFW of all hearts (Fig. 6) . In the septum, however, the location of those cardiomyocytes exhibiting 0°␣ h progressively shifted from proximal to LV endocardial surface in MG hearts to proximal to RV endocardial surface in adult hearts. Picrosirius red staining showed trace amount of collagen in PB hearts (Fig. 7) . After birth, progressively increasing collagen content from P1 to adulthood was visually appreciable.
DISCUSSION
We have quantified the developmental changes of cardiomyocyte architecture in pig hearts using DTMRI and validated these with histology. The major findings are 1) the helical architecture of LV cardiomyocytes was developed as early as MG period and 2) cardiomyocyte architecture in RVFW and septum rapidly changed after birth. These results illustrate the plasticity of cardiomyocyte architecture in response to the new demands of LV and RV function after birth. Given that cardiomyocyte reorganization was mostly completed within 14 days after birth, the first 2 wk is a critical period for postnatal heart development in pigs. To the best of our knowledge, this is the first nondestructive and quantitative report on perinatal developmental adaptations of three-dimensional cardiomyocyte architecture.
Both LV and RV cardiomyocytes are organized the classical helix pattern (2, 42) in all pig hearts. The early development of helical cardiomyocyte architecture by MG may correlate with the initiation of heart pump function after atrioventricular separation and trabeculae formation at this stage (1, 39) . This supposition could be supported by the rate of cardiomyocyte architecture maturation in embryonic chicken LVFW, which can be altered by varying the mechanical load (44) .
Postnatal changes of cardiomyocyte architecture in RVFW occurred acutely from P1 to P14. Specifically, ␣ h in the endocardium of RVFW decreased ϳ20°after birth. Given the critical role of transmural distribution of ␣ h in optimizing ventricular wall stress and strain for cardiac function (7, 33) , such postnatal alterations of RV cardiomyocyte architecture may accommodate the rapidly decreased RV workload after the opening of pulmonary circulation and the close of ductus arteriosus and foramen ovale after birth (35) .
The transmural distribution of septal cardiomyocyte also changed from P1 to P14. In fetal hearts, the transmural distribution of septal ␣ h , as indicated by the location of 0°␣ h at 25% transmural depth, was different from that of free wall where the location of 0°␣ h occurred at 40 -45% transmural depth. After birth, however, location of 0°␣ h in the septum rapidly shifted toward the RV subendocardium. It changed to 45% wall depth by P14, which is close to that observed in adult hearts (50% wall depth). In addition, the volume ratio of LV-versus RV-associated cardiomyocytes in the septum increased progressively from P1 to P14, which corresponds to the increased LV-to-RV wall thickness ratio in the same period. The changes of septal cardiomyocyte organization therefore may accommodate the increased LV workload that occurred rapidly at birth.
Unlike the RVFW and septum, cardiomyocyte architecture in the LVFW remained largely unchanged from PB to P14. From P14 to adult, ␣ h in the subendocardium of LVFW (between 5% and 55% transmural depth) increased ϳ10°. Interestingly, ␣ h in the RVFW also showed a trend to increase from P14 to adult despite its early decrease from P1 to P14 (Fig. 4B) . Such late increase of endocardial ␣ h in adult heart may be required to accommodate progressively increased LV and RV workload as an animal grows. Overall, the observed rapid changes of cardiomyocyte architecture in newborn hearts suggested the first 2 wk is a critical period for the heart to accommodate the acute changes of cardiac function at birth. Such changes of cardiomyocyte architecture may be partially achieved through transient cardiomyocyte proliferation (Fig.  5) , which could lead to 28% increase of LV cardiomyocyte number by 2 wk after birth (4) .
The observed increase of collagen deposition in neonatal pig hearts agreed with previous results (8, 30) . The newly synthesized and cross-linked collagen provides tensile strength to myocardium in response to increased workload in both normal and diseased hearts (6, 46) . In addition, perimyocyte collagen fibers not only provided structural support to individual cardiomyocytes but also grouped myocytes arranged in higher order laminar sheet-like layers (32) . Thus collagen is critical for maintaining cardiomyocyte architecture to coordinate global contractile function (17, 34) . Given that interstitial collagen deposition likely is responsive to increased mechanical force (5) and the collagen network provides the backbone of cardiomyocyte architecture, the increased interstitial collagen deposition in neonatal hearts may associate with changes in cardiomyocyte architecture to accommodate increased workload that emerges during heart development.
FA is used as an index to describe water diffusion anisotropy and may change in response to various cellular alterations. For example, FA decreases as the cross-sectional area of cardiomyocytes increases from diastole to systole (9) . In addition, increased extracellular water content, such as that demonstrated in cerebral vasogenic edema (29) , also leads to decreased FA. Our data showed that myocardial FA was higher in newborn groups (P1, P5, and P14) than both fetal and adult groups. The low FA in the fetal hearts might be due to the higher water content that is found in fetal tissue (36) . In contrast, the lower FA in adult hearts is likely contributed by physiological hypertrophy of cardiomyocytes. The higher interstitial collagen content in adult hearts may also lead to relative expansion of the extracellular space, thus decreasing FA.
Corresponding to the abrupt increase of LV/RV pressure gradient, the CTI of septum increased ϳ80% by P5 and remained unchanged thereafter. Such acute changes of septal curvature, however, have no significant effect on DTMRI determined ␣ h at different ages. Our simulation result showed when CTI ϭ 0.2 (i.e., the shape of septum in MG hearts that is nearly flat), the error of measured ␣ h in the selected ROI, i.e., the center 20°sector of the septum, is Ͻ1°.
Limitations
All hearts were fixed by 10% formalin before MRI. It is known that fixation may affect apparent water diffusion coefficient but will not alter cellular orientation or anisotropy (43) . Due to the definition of ␣ h in the Ϫ90°to 90°range, fold-over artifact is a common problem in cardiomyocyte structure measurement using DTMRI. To minimize this effect, we did our analysis in 20°s egments at the center of septum and free wall where the angle fold-over was minimal. The rapid changes of cardiomyocyte architecture in postnatal hearts indicate that more time points before P5 would be useful to develop a more detailed picture of cardiac architectural adaptations. Finally, the molecular programs that instigate these radical changes in response to obvious mechanical cues will need to be worked out, since they could harbor additional clues to pathological remodeling in primary and secondary cardiomyopathies, and in physiological adaptive changes that occur in pregnancy, for example.
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